] ingested dGTE and placebo (PLA) for 28 days, separated by a 28 day wash-out period. On the first day (dGTE 1 or PLA 1) and following 7 days (dGTE 7 or PLA 7) and 28 days (dGTE 28 or PLA 28) participants completed a 30-min cycle exercise bout (50% Wmax), 2 hours after ingestion. Indirect calorimetry was used to calculate rates of whole body fat and carbohydrate oxidation during exercise. Blood samples were collected at rest and during exercise for analysis of plasma fatty acids (FA), glycerol and epigallocatechin gallate (EGCG). Results: Ingestion of dGTE did not significantly change whole body fat oxidation rates during exercise on day 1, 7 or 28 compared to PLA. There were also no changes in plasma concentrations of FA and glycerol at rest and during exercise as a result of dGTE ingestion at any time point compared to PLA. Plasma EGCG concentrations, immediately prior to the exercise bout, in the three dGTE trials were elevated compared with PLA but not different between 1, 7 and 28 days. Conclusion: In contrast to previous reports we found that duration of dGTE ingestion had no effect on whole body fat oxidation rates or fat metabolismrelated blood metabolites during exercise in physically active healthy males.
INTRODUCTION
Carbohydrate and fat are the most important substrates for energy metabolism during exercise.
However, the relative contribution of these two substrates differs depending on the exercise duration and intensity. At low to moderate exercise intensities (up to ~60% VȮ 2 max) fat oxidation increases in absolute terms (g•min -1 ) (1, 23, 31) . With further increases in exercise intensity absolute rates of fat oxidation decrease and substrate use shifts to predominately carbohydrate (1, 23, 31 ). An ability to oxidize fat at high rates during exercise is considered an advantage for endurance trained athletes. Muscle glycogen stores are relatively small thus, in theory, any intervention that increases the capacity of skeletal muscle to oxidize fat could result in muscle glycogen sparing and in turn enhance endurance capacity (10, 11) .
A number of studies have investigated the potential health benefits of green tea/ green tea extract (GTE) ingestion (for a full review of the health effects of green tea ingestion see Suzuki et al. (28) ) and there is a growing interest in the potential of GTE to increase fat oxidation. Tea is produced from the leaves of Camellia sinensis L. of the Theaceae family (26) . Green tea is unique in that it contains relatively large quantities of catechin-polyphenols (catechins) (15) due to the post-harvest handling process. These catechins are proposed as the active ingredients in GTE with the most abundant being (-)-epigallocatechin-3-gallate (EGCG). Green tea also contains caffeine. The concentration of catechins and caffeine in green tea is highly variable and can differ depending on the type of tea/ extract, infusion time and ratio of tea leaves to water.
Studies have used a variety of GTE/ green tea differing in composition, duration of ingestion and sample populations in order to investigate fat oxidation rates at rest (3, 6, 24, 29) and during exercise (7, 21, 33) . For a more detailed review the reader is referred to (9) .
To gain an insight into the mechanisms, studies have investigated the effects of acute GTE ingestion on substrate metabolism (3, 6, 8, 29, 33) . Under exercise conditions Venables et al. (33) found that ingestion of decaffeinated GTE (total: 890 ± 13 mg catechin including 366 ± 5 mg EGCG), in the 24 hour before an exercise bout, increased fat oxidation during a 30 min steady state cycle (60% VȮ 2 max) by 17% (+ 0.06 g•min -1 ) in a group of physically active healthy males. In a follow up study (22) , physically active males completed an exercise bout (60 min steady state cycle at 55% VȮ 2 max) before and after one or 7 days ingestion of a caffeinated GTE beverage (~1200 mg catechins/ day plus 240 mg caffeine/ day). In this study fat oxidation rates were unchanged following one day of GTE ingestion (22) . Ingestion of GTE for seven days significantly increased plasma FAs concentrations but did not result in measurable changes in whole body fat oxidation (22) . It was suggested that the consumption of caffeine may have increased glycolytic flux, and in turn inhibited fat oxidation. To date these are the only studies which have investigated the substrate enhancing effects of GTE during exercise following acute ingestion.
In rodents it has been found that chronic (8 -15 weeks) ingestion of GTE can significantly increase in fat oxidation rates during exercise compared to an exercise only control (18, 19, 27) .
It is believed that chronic ingestion may cause augmentations in fat oxidation through an upregulation of mitochondrial proteins. This has been demonstrated in animal studies performed under resting (17, 25) and exercise conditions (18) in which increased expression of oxidative enzymes was observed following 8-10 weeks of EGCG ingestion. For example, Murase et al. (18) found that following a 10 week exercise training period mice that consumed high doses of EGCG (0.2 and 0.5% of diet) had significantly greater expression of fatty acid translocase (FAT)/ CD36 and medium-chain acyl-CoA dehydrogenase (MCAD) mRNA compared to A C C E P T E D exercise only mice. These observed skeletal muscle adaptations were accompanied by increased β-oxidation rates during an exercise bout (18) .
In a population of healthy non-physically active humans, two studies have observed a significant increase in fat oxidation rates during moderate intensity exercise following an 8 -10 week period of GTE ingestion (12, 21) . Although changes in skeletal muscle oxidative enzyme expression were not measured these findings suggest that chronic ingestion of GTE may result in an upregulation of fat oxidation during exercise in healthy untrained adults.
While many studies have investigated the independent effects of acute and chronic GTE ingestion, there is no study which has directly compared the length of ingestion (both acute and chronic) on substrate metabolism during exercise. The available chronic studies in humans, although suggesting beneficial effects, have used untrained individuals. Therefore, it is unknown if longer term ingestion of GTE would have the same effect in a physically active population.
Thus the aim of this study was to investigate the acute and long term effects of decaffeinated GTE (dGTE) ingestion on whole body fat oxidation rates during moderate intensity exercise (50% Wmax). Substrate metabolism was measured following a single dose (dGTE 1), and after 7 (dGTE 7) and 28 (dGTE 28) days of ingestion, in physically active healthy males. We hypothesized that ingestion of dGTE will alter fat oxidation during a 30 min steady state exercise bout compared to placebo at all time points. Furthermore, we hypothesized that dGTE 28 will result in greater alterations of fat oxidation compared to dGTE 1 and dGTE 7.
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PARTICIPANTS AND METHODS
Participants
For the purpose of this study, participants were recruited from the student population of the University of Birmingham. Inclusion criteria included habitual participation in exercise 3-5 times/ week for 30-90 min and caffeine intake of ≤ 400 mg/day (approximately < 4 cups of coffee/ tea or caffeinated soda) estimated using a caffeine consumption questionnaire. All participants gave written informed consent to participate in this study and were healthy according to the results of a general health questionnaire. All procedures and protocols were approved by the Life and Sciences Ethical Review Committee at the University of Birmingham.
The response variable of main interest was whole body fat oxidation during exercise. However, earlier studies on green tea and fat oxidation during exercise contrasted in terms of their design (parallel vs. cross-over, acute vs. chronic, administered doses, populations, etc) therefore no reliable power calculation could be carried out. When a sample size for a pilot investigation cannot be calculated, it is recommended that a minimum of 12 participants per group be considered (14) . Statistically significant effects of green tea on energy metabolism were previously reported using a sample size of 10-12 (6, 33 2 and VĊO 2 ) were collected using an online gas analyzer (Oxycon Pro, Jaeger, Wuerzburg, Germany). VȮ 2 was considered maximal and the test was stopped if 2 out of the 4 following criteria were met; 1) if VȮ 2 did not increase even when workload increased 2) a respiratory exchange ratio (RER) of >1.05 3) a heart rate within 10 beats per min of age predicted maximal heart rate 4) a cadence of 50 rpm could not be maintained. Heart rate (HR) was recorded during each stage of the test using a HR monitor (Polar RS800CX, Polar Electro (UK) Ltd, Warwick, United Kingdom) and Wmax was calculated using the following equation (16):
Where Wout is the power output of the last stage completed during the test, and t is the time spent, in seconds, in the final stage. Wmax was used to determine the work load for all subsequent experimental trials (50% Wmax).
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Steady state: After 15 minutes of rest participants completed a steady state cycle. This involved participants cycling for 20 min at a pre-determined exercise intensity of 50% Wmax (55% VȮ 2 max; calculated from the VȮ 2 max test). To ensure the correct intensity was set (W) a 4 min measurement of VȮ 2 was obtained, using an online gas analyzer (Oxycon Pro, Jaeger, Wuerzburg, Germany), every 5 min. If the recorded VȮ 2 values did not equate to 55% VȮ 2 max (± >5%) the resistance on the cycle ergometer was adjusted accordingly.
General Study Design
In a double blind, cross-over, counterbalanced design, participants completed two 28 day periods of dGTE and placebo ingestion, separated by a 28 day wash-out period. Participants continued to ingest the assigned supplement, on a daily basis, for a total of 28 days.
Following the same protocol as day 1, additional exercise trials were completed on the morning following 7 days (dGTE 7 or PLA 7) and 28 days (dGTE 28 or PLA 28) of ingestion. All exercise trials were identical in design ( Figure 1 ).
Exercise Trial
All participants reported to the Human Performance Laboratory between 0600 and 0800 am, Before the exercise bout commenced a second blood sample (15 mL) was taken (t=120).
Participants mounted the cycle ergometer after the 2 hour period and began a 30 min cycling exercise at 50% Wmax (55% VȮ 2 max). Blood samples (15 mL) and 4 min respiratory breath samples (Oxycon Pro, Jaeger, Wuerzburg, Germany) were collected every 10 min during the exercise bout (Figure 1 ). HR was recorded continuously with the use of a Polar HR monitor (Polar RS800CX, Polar Electro (UK) Ltd, Warwick, United Kingdom) and Rating of Perceived Exertion (RPE) was recorded every 10 min during the exercise bout.
Nutritional Intervention
Ingestion of dGTE or PLA began on the morning of the first exercise trial (dGTE 1 or PLA 1) for each supplementation period, 2 hours before the exercise bout commenced. Participants continued to ingest the assigned supplement for a total of 28 days. On a daily basis participants ingested 4 capsules/ day containing dGTE or placebo. Two capsules were consumed an hour before lunch and two additional capsules were consumed an hour before dinner. The time of A C C E P T E D supplement ingestion differed on the exercise trial days when two capsules were consumed in the morning (in a fasted state) and the following two capsules were consumed one hour prior to dinner.
Participants received the capsules in white (opaque) containers that were sealed. The containers were labeled with a number (corresponding to the assigned nutritional intervention, unknown to the experimenters and participants) and instructions on when to consume the capsules. The containers were filled with enough capsules to last one week (28 in total). Therefore, participants visited the laboratory weekly to collect a new container of capsules and to return the empty one.
This was used as a measure to monitor ingestion adherence.
The composition of the dGTE and PLA capsules can be found in Table 1 . A negligible amount of caffeine was present in the dGTE (0.82%). The placebo capsules contained cellulose (~270 mg/capsule). All capsules were identical in color (blue and white) and size (Size 0). Participants were contacted daily (~11 am) via text message to remind them to consume two capsules an hour before lunch and an additional two capsules an hour before dinner.
Diet Control
All participants were given the same controlled diet to consume in the 24 hour period before all trials. The diet consisted of three meals (breakfast, lunch and dinner) each containing ~50% carbohydrate (CHO), ~35% fat and ~15% protein. Our pre-test day meal equated to a total of 2700 kilocalories (kcal). The participants differed slightly in body weight (range 63 -87 kg) and activity levels (30-90 min, 3-5 times a week). Although no exercise was performed in the 24 hours before the exercise tests we wanted to ensure that all participants were roughly in energy A C C E P T E D balance in this standardized 24 hour period. Furthermore, during this 24 hour control period participants were asked to refrain from any physical activity and to not consume alcohol or caffeine based beverages.
Blood Variables
All tubes were centrifuged at 3500 rpm for 15 min at 4 °C. Aliquots of plasma and serum were immediately frozen in liquid nitrogen and stored at -80 °C for later analysis. Where appropriate, plasma FAs (NEFA-C; Wako Chemicals, Neuss, Germany), and glycerol (Glycerol; Randox, England) were analyzed on an ILAB 650 (Instrumentation Laboratory, Cheshire, United Kingdom).
Plasma EGCG
Samples were analyzed for plasma EGCG concentrations at t=0 and t=120 only. ) using the following stoichiometric equations (13) assuming that participants were working at a moderate intensity and that protein oxidation was negligible during the exercise bout.
Carbohydrate oxidation = 4.210·VĊO 2 -2.962·VȮ 2 Fat Oxidation = 1.65·VȮ 2 -1.701·VĊO 2 
Statstical Analysis
The statistical analysis was performed using SAS software v9. The analysis of substrate metabolism data was conducted via a linear mixed model. Treatment, treatment order, and supplementation duration (dGTE 1, dGTE 7, and dGTE 28) were employed as fixed effects in the model, with participant treated as a random effect. A repeated measures covariance structure was employed to accommodate the potential for greater correlation between participants within a treatment arm. The Kenward-Roger method of estimating denominator degrees of freedom in tests of fixed effects was employed. The Tukey-Kramer method of adjustment for multiple comparisons was employed to assess the treatment by supplementation interaction.
For resting blood metabolites, analysis of covariance was used for all data at t=0, when participants had not consumed any supplement (dGTE or placebo). Therefore the blood metabolite data from t=0, from each separate supplementation period, was replaced by the average. and PLA 1, dGTE 7 and PLA 7, dGTE 28 and PLA 28, at t=0 and t=120, were determined using A C C E P T E D paired samples t test. Differences in plasma EGCG concentration at t=0 and t=120 between the three dGTE trials were determined using a one-way ANOVA. Significance was set at p <0.05.
RESULTS
Workload and exercise intensity
Participants cycled at an average workload of 139 ± 3 W. This workload equated to an average relative exercise intensity of 55.8 ± 0.3% VȮ 2 max. Measurements of mean (average of the three breath by breath recordings obtained every 10 minute during the exercise) absolute VȮ 2 were similar between exercise bouts (Table 2) . Thus, participants worked at the same exercise intensity during all trials (Table 2) .
Substrate Metabolism
Rates of whole body fat oxidation, measured every 10 min during exercise in the dGTE 1, dGTE 7 and dGTE 28, compared to placebo, are shown in Figure 2 . Average whole body fat oxidation rates during the 30 min exercise bout was not statistically different following dGTE 1 (Effect size (ES)= -0.3), dGTE 7 (ES= 0.10) and dGTE 28 (ES= 0.08) compared to placebo.
Furthermore, there was no statistical difference in CHO oxidation rates following ingestion of dGTE at any of the measured time points. Therefore total energy expenditure (EE) and the relative contribution of fat and CHO oxidation to total EE was not statistically different in all three dGTE exercise trials compared to placebo (Table 2) . 
Plasma EGCG
For the analysis of EGCG, outliers were determined as any data point that was ±2SD away from the mean. Furthermore, it has been found that under basal fasted conditions blood concentrations of EGCG range between 0-20 ng•mL -1 in healthy males (22) . In the PLA 28 trial two participants had plasma EGCG concentrations which were significantly greater than 2SDs and > 20 ng•mL ) two hours following consumption of GTE (~600 mg total catechins) (22) . In addition, Chow et al. (5) found on average plasma EGCG to be ~800 ng•mL -1 , following ingestion of 400 mg EGCG. In the present study one participant's plasma EGCG concentrations, at t=120 in the dGTE 1 trial, was negligible and did not increase above baseline. Furthermore, in the dGTE 28 trial one participant's plasma EGCG concentrations was >2SD away from the mean at t=0 and did not increase at t=120. Therefore these data points were removed from the final analysis. The removal of these data points did not affect the main outcome of this data.
In the dGTE 1 trial at t=0 there was no difference in plasma EGCG concentrations compared to PLA 1 (p >0.05) (Figure 4 A) . After 7 and 28 days ingestion of dGTE (dGTE 7 and dGTE 28) at t=0 circulating levels of plasma EGCG were significantly higher compared to PLA 7 and PLA 28 (p <0.001 and p <0.05 respectively) (Figure 4 A) . On the morning of the exercise trials at t=120 plasma EGCG concentrations, in all dGTE trials, were significantly increased compared to placebo (p <0.05 in all trials compared to placebo) (Figure 4 
B).
At t=0 there was a significant difference in plasma EGCG in the dGTE 1 trial compared to dGTE 7 (p =.003) and dGTE 28 (p =.002) ( Figure 4B ). This was expected as no dGTE had been consumed in the dGTE 1 trial at this time point. However, at t=120 there was no difference in any of the three dGTE trials ( Figure 4B ).
DISCUSSION
In the present study ingestion of dGTE did not elicit changes in fat oxidation rates, irrespective of the length of the supplementation period. To our knowledge this is the first human study to ingestion of encapsulated dGTE increased fat oxidation rates by 17% during exercise compared to placebo. During this study (33) healthy physically active males ingested dGTE in the 24 hours prior to, and an additional dose ~1 hour before the exercise bout. In the present study our acute ingestion trial involved participants consuming a single bolus of dGTE prior to the exercise trial (dGTE 1). This difference in methodology could explain the inconsistencies in findings following acute GTE ingestion. Our EGCG data show elevated plasma levels in the fasted basal state following 7 days of dGTE ingestion. Furthermore, a recent study from our lab found elevated fasted plasma EGCG concentrations after consuming GTE in the previous 24 hours (one dose consumed an hour before breakfast and an addition dose one hour before dinner) (22) .
EGCG has a half life of 8-10 hours (4), although no change in fat metabolism was observed in our previous study (22) these data suggest that prior GTE feeding elevates fasted basal plasma EGCG levels. Thus, the cumulative effect of acute GTE ingestion (in the days before) and the additional dose on the morning of the trial may result in acute augmentations of fat oxidation.
Furthermore in the present study, 7 and 28 days of dGTE feeding did not result in measureable changes in fat oxidation compared to placebo. In a recent study by Randell et al. (22) ingestion of a caffeinated GTE beverage for 7 days did not alter substrate metabolism during a 60 min exercise bout, despite increases in plasmas FA concentrations. Additionally, Eichenberger et al. (7), found no influence of three weeks ingestion of a caffeinated GTE (160 mg catechins/ day) on any indices of fat metabolism during a two hour exercise bout. Exercise may be a prerequisite
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for the green tea to exert its long term effects. Only studies which have combined chronic GTE ingestion (8-10 weeks) and an exercise training program, in untrained adults, have found an upregulation of fat oxidation during exercise (12, 21) . Unfortunately, no study to date has measured skeletal muscle oxidative enzymes, to confirm the increases seen in animals (18) .
Future studies may wish to explore this theory. However, these studies suggest that GTE may be more potent when consumed on a daily basis alongside an endurance training program in untrained individuals.
Previously, ingestion of a caffeine-free GTE has been found to augment fat oxidation during exercise (33). More recently ingestion of a caffeinated GTE was not found to significantly alter exercise metabolism (7, 22) . Randell et al. (22) suggested that the caffeine present may have inhibited the upregulation of fat metabolism. Therefore in the present study we administered a dGTE. However, independent of length of ingestion dGTE did not alter fat oxidation during exercise. Taken together these data imply that it is still unknown what the optimal composition of GTE is in order to increase fat metabolism during exercise Other factors may contribute to the effectiveness of GTE feeding on fat oxidation during exercise. One of these is the training status of the test participants. Endurance exercise training is known to cause skeletal muscle adaptations in favor of fat metabolism (30) . Higher rates of absolute fat oxidation have been found in trained compared with untrained/ sedentary populations (2, 20) . The participants in the present study were physically active (exercising 3-5 times a week) with an average VȮ 2 max of 55.2 mL• kg ). Only one study has found GTE to increase fat oxidation in physically active males (33). Other studies (including the present study), using a similar cohort of individuals, have not replicated these findings (7, 22) .
It is currently unknown if training status or aerobic capacity (indicated by VȮ 2 max) affects the apparent metabolic impact of GTE. To explore this hypothesis, we performed a simple post-hoc analysis and divided participants into groups with either a VȮ 2 max value above or below the mean of this population. The average VȮ 2 max in the low group was 51 mL• kg -1
•min -1 and in the high group 59 mL• kg -1
•min -1 (p<0.05). The percent change in mean whole body fat oxidation rates observed in the dGTE 1, dGTE 7 and dGTE 28 trials were greater in the low VȮ 2 max group (-2.9 ± 11.9, 12.0 ± 10.5, 16.0 ± 16.8% for the three time points respectively) than that observed in the high VȮ 2 max group (-6.6 ± 3.8, -2.6 ± 6.3, 2.2 ± 5.7% for the three time points respectively). Although there was no statistical difference between the two groups at any time points, it became apparent that there were more 'responders' in the low VȮ 2 max group, compared to the high VȮ 2 max group. Thus, VȮ 2 max may be a predictor for the metabolic effects of GTE ingestion. It should also be acknowledged that VȮ 2 max was only measured once (during the preliminary testing visit) in the present study. Over the time course of the study (12 weeks) VȮ 2 max may have decreased or increased in some participants. This could have contributed to some individuals eliciting a more blunted response to dGTE ingestion (and vice versa if VȮ 2 max decreased). Taken together future studies may wish to specifically test the potency of GTE effects on participants differing in aerobic capacity (VȮ 2 max).
A steady state exercise bout, at a fixed exercise intensity, has been employed in all studies investigating the effects of GTE on substrate metabolism. However, this exercise protocol does not account for the large inter-individual variation in fat oxidation rates and the exercise intensity at which maximal fat oxidation rates occur (FATMAX). This could account for the inconsistencies in findings between studies. Achten et al. (1) found, in a group of 18 moderately A C C E P T E D trained cyclists, that FATMAX ranged from 42 -84% VȮ 2 max (mean 64 ± 4% VȮ 2 max).
Furthermore, a large scale study using 300 males and females found that FATMAX ranged from 25 to 77% VȮ 2 max (mean 48 ± 1% VȮ 2 max) (32). It is currently unknown at what exercise intensity (below or above FATMAX), GTE is most effective. Furthermore, it is likely that there are individual differences in the exercise intensity at which the effects of GTE feeding are optimal.
In conclusion 1 day, 7 days or 28 days of dGTE ingestion did not alter fat oxidation rates during exercise in physically active healthy males, compared to placebo. Plasma concentrations of FAs and glycerol were also unchanged with dGTE ingestion. Thus, this study suggests that dGTE feeding alone, irrespective of duration, has no measureable change in fat metabolism and any change that may have occurred are small and inconsistent. However, we suggest that future studies should investigate the effects of aerobic capacity (VȮ 2 max) on GTE feeding and the potential individual differences in the exercise intensity at which GTE elicits maximal effects on augmenting fat oxidation. A C C E P T E D
